Abstract. To examine claims that the role of botanical art in systematic botany is diminishing because of advances in photography, this review considers relevant literature and includes a quantitative analysis of trends in modern journals, monographs and floras. Our focus is on southern hemisphere systematic botany because, relative to the northern hemisphere, this is poorly represented in modern reviews of botanical art and photography. An analysis of all digitally available papers in Nuytsia, the Journal of the Adelaide Botanic Garden, Muelleria, Telopea, Austrobaileya and Systematic Botany established that, although photographic illustrations have increased since 2000, botanical illustrations have not always diminished. The cause of these trends is unknown, but it is likely to be due to several factors, including sourcing funding for production of botanical illustration, editorial preference for the use of illustrations or photographs, author preference for either illustrations or photographs, and moving to online publication, with no charges for colour reproduction. Moreover, the inclusion of botanical artists as co-authors in some scientific publications signals an ongoing and important role. Botanical illustration brings sharp focus and meticulous attention to detail regarding form and structure of plants. Photography is useful at the macro-scale for habitat and whole-plant traits, as well as at the micro-scale for anatomical textures and ultrastructure. These complementary approaches can be important components of taxonomic discovery, with the potential for a new role in modern trait analysis in molecular phylogenies.
Introduction
The present review aims to assess the hypothesis that southern hemisphere botanical illustration and photography are complementary approaches to visual illustration in modern systematics. The work was stimulated by claims that the role of botanical art is diminishing in the light of advances in photography (Blunt and Stearn 1994) . If this were so, a quantitative examination of the use of botanical art and photography in modern systematic journals, monographs and floras should reveal a decline. We will first define relevant terms, and summarise the use of botanical illustration and photography in southern hemisphere systematics, given that published reviews have in the main focused on northern hemisphere contributions (see Bray 1989; Blunt and Stearn 1994; Rix 2012) . We discuss the role of the botanical illustrator in scientific discovery and how the discipline can continue to contribute to plant systematics, given the contemporary focus on molecular phylogenetics.
Definitions

Botanical illustration
Botanical illustration is the accurate pictorial depiction of plants and plant traits for a scientific purpose (Rix 2012) , as opposed to flower painting, which has no further purpose than to be admired. 'The flower painter fails if the work lacks beauty, the botanical artist fails if the work lacks accuracy' (Stearn 1990, p. 7) . However, in the best botanical illustrations, beauty is not sacrificed for truth of form (Blunt and Stearn 1994; Rix 2012; Figs 1, 2) .
Camera lucida
The camera lucida is a minute truncated, half-silvered prism that allows the artist to see the superimposition of the object they are drawing onto the drawing surface. This allows the artist to draw the object in perspective, or copy or reduce it, depending on the distance of the prism from the object (Wollaston 1807) . The camera lucida was invented by William Hyde Wollaston (1766 Wollaston ( -1828 , who, while on a walking holiday in the Lakes District of England, was disappointed with his attempts to draw the landscape accurately; so, applying his knowledge of optics, he designed the camera lucida as a drawing aid (Hammond and Austin 1987) . Although it was not commercially available until 1807, it is probable that the camera lucida was in use by botanical artists before this (Lack 2002 (Lack , 2016 .
Photography
Photography is the science, art and practice of creating durable images by recording light or other electromagnetic radiation, either electronically, by means of an image sensor, or chemically, by means of a light-sensitive material such as photographic film (Spencer 1973; Fig. 3) . The etymology of the word 'photography' is from Greek roots of 'photo' meaning 'light' and 'graphe' meaning 'drawing', together meaning 'drawing with light' (D. Harper, Online Etymology Dictionary, 'photography (n.)', (Meney and Pate 1999) , showing the diagnostic character traits of male and female flowering culms, culm sheath, rhizome, female and male spikelets. see http://www.etymonline.com/?term=photograph, accessed 24 May 2016). The birth of practical photography is generally accepted as 1839 (Hirsch 2008) . The development of the camera has its roots in antiquity, with the discovery of the principles of the camera obscura (Latin for dark room).
Trait
A trait is defined as 'a distinguishing quality or characteristic' and 'a genetically determined characteristic' (Farlex, The Free Dictionary, see http://www.thefreedictionary.com/trait, accessed 18 May 2015). In biological terms, Henderson's Dictionary of Biology stated that a trait is 'a distinct phenotypic character which may be either heritable or environmentally determined or both.' (Henderson and Lawrence 2005, p. 667) . A trait is the expression of genes in an observable way. For example, eye colour is a character, whereas the different expressions of that colour such as blue, brown and hazel are traits. The etymology of the word is from the Middle French appearing c. 1470-1480, in the transition period between Old French and Modern French. It comes from the Latin tractus, which means drawing, as in pulling a chariot (from trahere to drag), or as in drawing out of space and time, or drawing a line, such as a track or a tract of country. In French, trait came to have many meanings, one of which is 'a particular feature of mind or character'. This definition was brought into usage in English. Pertinent to the artistic aspect of the present review, an early meaning from the French is 'the stroke of a pen or pencil in a picture' (Farlex, see http://www. thefreedictionary.com/trait).
Historical use of botanical illustration in southern hemisphere systematics
Illustrations of plants have been a medium for identification, analysis and classification for centuries, serving physicians, pharmacists, botanical scientists, taxonomists, plant collectors, gardeners, designers and amateur enthusiasts of natural history (Saunders 2009 ). Prior to photography, the botanical illustration was the only way of recording visually what a plant looked like. Botanical illustration became increasingly important during the Enlightenment and the subsequent age of botanical exploration when colonial powers and entrepreneurs funded voyages of discovery and scientists needed artists who could faithfully record the character and traits of species' collections while they were fresh.
The history of botanical illustration has been well documented elsewhere (Blunt and Stearn 1994; Rix 2012) . These treatments suggest that botanical illustration has mostly developed in parallel with artistic trends of the time, as well as maintaining pace with the advances in the technology of both printing and photography (Simpson and Barnes 2008) . The style of the illustrations started with realistic depictions of the plants portrayed in the first century when their importance was to illustrate monastic herbals. For the next 1000 years, the illustrations of these herbals degenerated through repeated copying, with little reference to live plant material. This led to stylisation to the point that the illustrations became nothing more than decorative embellishment to the text (Blunt and Stearn 1994) . Examples illustrating this were the PseudoApuleius Herbarius by the fourth century author Pseudo Apuleius (Paul K, 'Peacay', see http://bibliodyssey.blogspot.com. au/2007/01/pseudo-apuleius-herbarium.html, accessed 24 July 2017; Jeremy Norman & Co., see http://www.historyofinformation. com/expanded.php?id=2580, accessed 24 July 2017), illustrations in the 13th century Codex Vindobonensis 93 (Wikipedia, Pseudo Apuleius, see https://en.wikipedia.org/wiki/Pseudo-Apuleius, accessed 24 July 2017), the woodcut illustrations of the copy of Pseudo-Apuleuis printed in Rome in c. 1480 (Ivins 1944) , and the woodcut illustrations of one of the earliest English herbals, Grete Herball (Treveris 1526; Sims 2013) .
The Renaissance brought the rebirth of Naturalism back to botanical illustration, with significant artists of the time such as Leonardo da Vinci (1452 Vinci ( -1519 and Albrecht Dürer (1471-1528) making important contributions. These Renaissance illustrations were forerunners to the golden age of botanical illustration, in the hundred or so years from 1750 to 1850, prompted by Linnaeus's contribution to systematic science (Linnaeus 1737) . The Bauer brothers were prime examples of practitioners at this time. Franz (1758 Franz ( -1840 and Ferdinand (1760-1826) Bauer were, in the opinion of many, the greatest botanical artists of all time (Green 1977; Mabberley 1999 , Lack 2016 . From the end of the 18th century and into the 19th century, this legacy continued with adventurous Victorian-era artists, such as Marianne North (1830-1890) from England, visiting the new colonies of the expanding Empire, discovering new species, bringing home specimens and making detailed drawings. This time also saw the publication of illustrated botanical journals such as Curtis's Botanical Magazine (Royal Botanic Gardens Kew, see http://www.kew.org/science-conser vation/research-data/publications/curtiss-botanical-magazine, accessed 24 May 2016), as a result, in part, of the flood of new plants coming in from abroad and voracious appetites for novelties in horticulture.
Below is a brief summary of the history of botanical illustration in the southern hemisphere, with examples from South Africa, Australia and South America.
(1741-1805), Scottish botanist and the first plant hunter of Kew, produced a significant collection and body of illustrations of South African succulents during his expedition to South Africa from 1772 to 1775 (Masson 1776) .
The first solely South African-produced botanical publication was Natal Plants (Wood and Evans 1898) (Grobler 2015) .
After the Second World War, with advances in colour printing, many publications feature works of botanical artists, including Mary Page (1867 -1925 ), Cythna Letty (1895 -1985 and Auriol Batten (1918 , whose works appeared in Flowers of Southern Africa (Batten 1988) and Dierama, the Hairbells of Africa (Hilliard and Burtt 1991) . Ellaphie WardHilhorst (1920 WardHilhorst ( -1994 illustrated the Revision of the Genus Haemanthus (Snijman 1984) . Fay Anderson (1931-present) contributed artwork to the Proteas of Southern Africa (Rourke 1980) , The Moraeas of Southern Africa (Goldblatt 1986) and The Genus Watsonia (Goldblatt 1989) .
The wealth of well-illustrated botanical publications to emerge from South Africa was attributed by Rix (1980) to its uniquely rich native flora and the wealth produced from the mining of its natural resources of gold and diamonds. Rourke (2001) agreed that these were valid reasons, but suggested that this wealth of well-illustrated botanical publications was also underpinned by a strong scientific-investigative ethos. There were not many countries where these three things converged; South Africa was one, and Australia was another.
Australia
Illustration of the diverse and rich Australian flora was well reviewed by Hewson (1999) . William Dampier (1651-1715) was not a botanical illustrator, but botanical drawings, believed to be made by his clerk, James Brand, were published in Dampier's A Voyage to New Holland in 1703, the account of the HMS Roebuck's expedition to Australia in 1699. These were the first known illustrations of Australian plant species (Hewson 1999 (Blunt 1983) .
Probably the earliest most recognisable illustrator of Australian plants was Ferdinand Bauer (1790 -1826 . Numerous books and articles have been published on his life and working practice (Lhotsky 1839 (Lhotsky , 1843 Stearn 1960; Lack 1997 Lack , 2016 Watts et al. 1997; Mabberley 1999) . He was appointed the natural-history illustrator on Matthew Flinders' (1774-1814) Investigator expedition in 1801 to circumnavigate Australia. Bauer overcame the challenge of the damp conditions on the ship, which resulted in his paper going mouldy and being unable to accept watercolour pigment, by executing pencil sketches of the specimens collected, and using a number coding system to record the various colours. He used this technique as a guide for painting the final watercolours at a later stage.
Bauer was most renowned for his attention to detail, particularly the exquisite dissections of various aspects of the flowers and fruits of the species he illustrated. He was also held in high esteem because of the amount of work he was able to execute during the expedition. In all, Bauer executed 1542 Australian plant sketches, 180 Norfolk Island plant sketches and over 300 animal sketches. Bauer published some of his artwork in Illustrationes Florae Novae Hollandiae (Bauer 1813) . This publication was not a financial success for Bauer, largely because of his perfectionism. He could not find anyone capable of either engraving or colouring the plates to his satisfaction, so he was obliged to execute every part of these works in his own hand, occupying considerable time.
Lack (2002) proposed that as far back as the early 1800s, a camera lucida was used by Ferdinand Bauer to achieve the exceptional number and quality of illustrations that he produced on the Investigator expedition. Lack (1998) suggested that this was probable for several reasons, including the following: (1) Wollaston, the inventor of the camera lucida, knew Sir Joseph Banks; (2) Banks employed Bauer as naturalhistory draughtsman for the Investigator expedition; (3) the Investigator expedition was supplied with all the latest instruments; (4) Bauer's pencil drawings were highly accurate and in a very firm continuous line; (5) the camera lucida can be easily combined with a magnifying lens or microscope to produce the detailed dissections Bauer was renowned for; and (6) Bauer achieved a significant quantity of pencil drawings during the arduous expedition. In addition, Nicephore Niepce (1765-1833), the inventor of the first photograph from nature, was in contact with Ferdinand's brother Franz, and gave Franz this photograph. This, along with numerous optical instruments auctioned after Franz's death, demonstrates that the Bauers were interested in the latest development in optics, which led to the universal praise for their accuracy (Lack 2002) .
In the 1820s, Allan Cunningham (1791-1839) continued the Banksian tradition as an overseas collector for Kew Gardens, sending back seeds and herbarium specimens from Australia (as well as Brazil and New Zealand; Mabberley 2000 and George Bond (1806 -1892 , to make watercolour drawings of the plants newly raised from this seed. Between them, they prepared~2000 watercolours, which were kept in folios, indexed by Richard Cunningham. None of the watercolours was published. Some illustrations were sent to William Jackson Hooker (1785-1865), then Professor of Botany at Glasgow University, to be published in the Botanical Magazine. Hooker redrew these illustrations, so none of them bears the original artist's name. The folios have since been cut up, and the watercolours inserted in the systematic drawings collection housed in cupboards of the Herbarium at Kew (Mabberley 2000) .
Marianne North (1830-90) was a remarkable Victorian painter and traveller, who visited Australia at the behest of Charles Darwin (1809-82), and was captivated by its plants and landscapes. She initially accompanied her father and then, following his death, went on her own, at a time when few women travelled alone, to scour the world for spectacular plants to paint in oils (Ponsonby 1996) . A feature of North's work was that the subjects were painted within their natural environment. The inclusion of landscape in the works communicates more about the distant and exotic parts of the world than if only the plant was depicted (Hewson 1999) , and puts the subjects in context with place. Scientists consider North primarily an artist, although she discovered and portrayed species new to science (Nepenthes northiana Hook f., Kniphofia northiae Baker and Northia seychellana Hook f.; Blunt and Stearn 1994) . She presented her life's work to the UK and purpose-built a museum and gallery at Kew Gardens to house it. The museum opened to the public in 1882, with 832 paintings covering its walls from floor to ceiling (Ponsonby 1996) .
One of the first resident, published, botanical illustrators of Australia was Thomas Watling (1762-1814), a convict and artist who had been transported to the penal colony for forgery (Hewson 1999 ). Watling's paintings were used by James Sowerby and James Smith in the publication of Australian's first flora, A Specimen of the Botany of New Holland (Smith 1793) .
Another prominent resident, who now has an annually presented international award (the Margaret Flockton Award) in her honour, was Margaret Lilian Flockton . She was employed as a botanical illustrator at the Royal Botanic Gardens, Sydney, for 27 years , and in collaboration with the then director, Joseph Henry Maiden (1859 Maiden ( -1925 , produced thousands of high-quality botanical illustrations, which are represented in publications such as The Forest Flora of New South Wales (Maiden 1904 (Maiden , 1907 (Maiden , 1908a (Maiden , 1908b (Maiden , 1913 (Maiden , 1917a (Maiden , 1922a (Maiden , 1923 and A Critical Revision of the Genus Eucalyptus (Maiden 1909 (Maiden , 1914 (Maiden , 1917b (Maiden , 1920 (Maiden , 1922b (Maiden , 1924 (Maiden , 1929 (Maiden , 1933 .
Professional training for botanical illustrators in Australia was generally unavailable until the latter decades of the 20th century, when there was an explosion in the number of botanical artists practising in Australia (Hewson 1999) . These artists were either trained through art colleges, self-taught, or were scientists putting their own artistic skill into practice. Several important botanical artists from the State of Victoria, including Celia Rosser (1930 -present), Terrence Nolan (1934 and Anita Barley (1955-present) , owe their apprenticeship to training at the Royal Melbourne Institute of Technology. Queensland artist Margaret Saul (1951-present) trained at the Brisbane School of Art. The South Australian Herbarium botanical illustrator, Ludwik Dutkiewicz (1921 Dutkiewicz ( -2008 , trained at the Lwow School of Art in Poland before emigrating to Australia. In 1978, the University of Newcastle began a course in wildlife illustration, which included training in botanical illustration; Nicola Oram (1966-present) was one of its graduates. However, the majority of their graduates found careers outside the science sphere. Private training schools and master classes also developed in some of the capital cities. These were usually run by practicing botanical artists, such as the Botanical Art School of Melbourne run by Jennifer Phillips (1949-present) . This enterprise provided an extra form of income to the teaching artist, in a vocation that is difficult to make a full-time living, and had a positive influence on the standard and quality of work produced in that State (Hewson 1999) .
Self-taught artists who have made considerable contributions to plant systematic science include Stanley Kelly, Rica Margaret Menadue. Stan Kelly (1911-2001) was an enginedriver from Victoria, who devoted 41 years to painting the books titled Eucalyptus, with the 1st edition (Kelly 1969) containing 250 colour illustrations and the 2nd edition (Kelly et al. 1977) 53 more. Rica Erickson (1908 Erickson ( -2009 ) was a teacher, historian, amateur botanist and artist whose descriptive work, recognised and used by scientists, includes Orchids of the West (Erickson 1951) , Triggerplants (Erickson 1958) , Plants of Prey (Erickson 1968) and historical works such as The Drummonds of Hawthornden (Erickson 1969 ). Margaret Menadue (1942 illustrated the Flora of the Perth Region (Marchant et al. 1987 ) and contributed to the Flora of Australia (Wilson 1984) .
Scientists illustrating their own work often did this by default because of lack of funds. Winifred Curtis (1905 Curtis ( -2005 illustrated The Students' Flora of Tasmania (Curtis 1963) . Nancy Burbidge (1912 Burbidge ( -1977 illustrated the Flora of the Australian Capital Territory (Burbidge and Gray 1970) . Helen Aston (1956 Aston ( -1991 , botanist at the National Herbarium of Victoria, illustrated her work Aquatic Plants of Australia (Aston 1973) . Bruce Maslin (1946-present) , botanist at the Western Australian Herbarium, illustrated Acacia in volumes of Nuytsia (Maslin 1983) .
Australian botanical artists have also united in some States to form societies. The Botanical Artist Group of Western Australia, more affectionately referred to by the acronym BAGs, was formed in 1991 for mutual support, but it also raised awareness of the subjects and the working methods of members through exhibitions and publications. Rica Erickson was a founding member of the group, following the exhibition Wildflowers in Art at the Art Gallery of Western Australia (Gooding 1991) . Current members include Patricia Dundas -present), Ellen Hickman (1968 , Penelope Leech (1947-present) , Philippa Nikulinsky (1942 -present), Margaret Pieroni (1936 and Katrina Syme (1947-present) . Their work in plant systematics has been as individuals, rather than as a group, with each member having a particular passion, viz. Patricia Dundas, orchids (Brown et al. 2008) and eucalypts (S. D. Hopper, unpubl. data) ; Ellen Hickman, Restionaceae (Meney and Pate 1999; Fig. 1) and Haemodoraceae (Hopper 2003 ; Fig. 2 (Gooding 2008) , which documents the diversity of styles and activities of each member in investigating and celebrating the globally renowned flora of Western Australia.
South America
During the 17th and 18th centuries, South America was the dominion of the Spanish and Portuguese, who overwhelmingly had little interest in its natural history and actively discouraged exploration by foreigners (Rix 2012 Sherwood 2010) . Mutis was medically trained but was also interested in natural history. Mutis sent several unsuccessful petitions to the King in Madrid to obtain permission to set up a botanical institute and fund an expedition to collect material for it. However, in 1783, with the help of the new Archbishopviceroy, an expedition was organised to explore New Granada (now Colombia) and record the plants pictorially, noting their medicinal, horticultural and agricultural value. Mutis believed that drawing was a crucial part of the naturalist's work, so he established schools for illustrators, in Mariquita and in Santa Fe de Bogotá, where plants from the expedition were recorded. The artists were local men with no formal training. The institute operated until 1816 and trained 40 botanical artists. The artworks have a particular formal style, somewhat flat as if the specimens are laid out for pressing (e.g. Mutisia clematis L.f., named in honour of Mutis; Rix 2012). The expedition collected~2700 species, which constitute only a small proportion of Colombia's rich flora.
The technique used to produce the artworks was painting in tempera on paper. Mutis prepared the colours himself, using pigments extracted from local plants and minerals, which he mixed with oils, gum, ammonia and other solvents. Usually, three drawings were made of each specimen, including two in ink (black and sepia), which were used as models for the engravings, and a third was made in tempera, which was the definitive study. The collection of 5607 plates (3086 in tempera, 1325 in sepia, 1139 in black ink and 30 pencil drawings) are now housed in the Real Jardín Botánico, Madrid. These artworks have preserved to this day because of Mutis' insistence on using high-quality paper. There are also 500 descriptions of plants, far fewer than the number of plates, because Mutis gave priority to the drawings over the written word, considering the former provided sufficient explanation. Publication of the works did not occur until over a century later. (Rix 2012) .
From 1817 to 1821, Carl Friedrich Philipp von Martius (1794-1868) travelled across Brazil, accompanied by zoologist Johann Baptist von Spix (1721-1826), and collected several thousand plant specimens. On his return to Munich, he published two substantial works, namely, Historia Naturalis Palmarum with 240 chromolithographs based on his own drawings, and Flora Brasiliensis with 4000 lithographs and some nature prints of the plants he collected (Rix 2012) .
The most important driving force in botanical art in South America in the 20th century was Margaret Mee (nee Brown 1909 Brown -1988 Pilar de San Pío Aladrén and Sherwood 2010) . Starting in her mid-40s, she devoted years to painting the plants of the vanishing Amazonian rainforest in a living state. She portrayed orchids and bromeliads, which have characters that are often difficult to preserve in dry herbarium specimens. Her published works include Flowers of the Brazilian Forests (Mee 1968) , Flores do Amazonas Flowers of the Amazon (Mee 1980) and In Search of the Flowers of the Amazon Forests (Mee 1988) . Her work contributed to global awareness of what was being lost in the Amazon through mining and logging. On her death, a group of scientists and friends created the Margaret Mee Foundation (MMF) to help send a promising Brazilian botanical artist to the Royal Botanic Gardens, Kew, to work with the resident Kew artist, Christabel King, and then return to Brazil to inspire others.
Since 1989, the MMF has supported an artist each year (except 2008 and 2010-2014) Rosalia (1932 ) and Yvonne (1932 and his two sons André (1957-present) and Rodrigo (1961-present) , and Rosalia's daughter Ludmyla, are producing a dynasty of Brazilian botanical artists that seek to inspire conservation through their artistic output ( 
Use of photography
As the focus of this review is on botanical illustration, and modern systematic botanists are familiar with the common use of photographs in their published work, we address photography here only to the extent of general techniques and contemporary use.
Photographic techniques have been used to create botanical illustrations, as well as for visual aids of botanical artists, since the early 1800s (Simpson and Barnes 2008) . The first book produced entirely by photographic means, which predates the camera, was a botanical work of cyanotypes (blue prints) depicting seaweeds (Atkins 1843) . Although these images lacked three-dimensional form and colour, the technique produced clear outlines of the object shape and details of structures such as veins.
Camera technology has developed from the camera obscura, to Daguerreotypes, single-lens reflex (SLR) cameras, to the introduction of modern digital cameras in the 1990s, and photographs have developed from monochrome images that require hand-colouring to full-colour reproductions (Simpson and Barnes 2008) .
Contemporary digital imaging has broadened the possibilities of visually representing botanical specimens. A very quick method was scanning an arrangement of plant parts on a flatbed scanner (Metzing 2004 ; Koltnow 2005; Dorrat-Haaksma and Linder 2012), but this was limited by the flatbed scanner dimensions. The arrival of high-quality SLR cameras allowed for greater versatility in the production of photographic images of both large and small aspects of plant morphology (Lüth and Frahm 2011; Barrett and Wilson 2012) .
Photographic images of plants have often been of limited use for illustrating plant components because of the lack of the focal depth of the photograph, particularly those taken through the light microscope. However, in recent years, image-stacking software, that can blend a series of digital images (McCormack 2006) , allows the photographer to emulate the infinite depth of focus achieved by the botanical artist (e.g. Breeden and Breeden 2010 (Gentry 1996) .
Microscopy produced magnified visual or photographic images of objects too small to be seen with the naked eye. Two well known branches of microscopy used in botanical science are optical and electron microscopy, and their use depends on the resolution required.
Optical or light microscopy involves passing visible light transmitted through or reflected from the sample through a single or multiple lenses, to allow a magnified view of the sample. The resulting image can be detected directly by the eye, imaged on a photographic plate or captured digitally. The most recent development was the digital microscope, which used a chargecoupled device (CCD) camera to focus on the specimen of interest, and showed the resulting image on a computer screen.
Until the invention of subdiffraction microscopy, the wavelength of the light limited the resolution of traditional microscopy to~0.2 mm. So as to gain higher resolution, an electron beam with a far smaller wavelength was used in electron microscopes. Transmission electron microscopy (TEM) was similar to the compound light microscope by sending an electron beam through a very thin slice of the specimen. The resolution limit was~0.05 nm. Scanning electron microscopy (SEM) visualised details on the surfaces of specimens and gave a three-dimensional view. It gave a resolution of~0.4 nm. Microscopy has allowed the visualisation of micro-and ultrastructures such as cell structure, anatomical sections and surface textures.
Prior to photography, botanical illustrations were the only way of recording visually what a plant looks like. The senior author of the present paper is often asked why bother drawing a plant when you can just take a photograph of it? Although photographs may seem an alternative form of illustration, there are some problems with using photographs to depict plant structures. Photographs are not good at providing clear depth cues, and artists can eliminate or underplay extraneous traits, while clearly portraying the essential ones. Furthermore, research has revealed that human vision and cameras work very differently. Cameras treat each piece of information the same, whereas illustrators emphasise boundaries and the outline of objects. Simplifying the detail to show just the essential elements of the subject being described creates a satisfying and understandable image for the human eye (Flannery 2013) .
The camera has become a useful addition to the artist's tool kit (Blunt and Stearn 1994) . Cameras are used to record a quick reference image for colour, but serve as a guide only, because the resulting photographic images are rarely true. Photographs are more often used to visually describe the habitat (Fig. 3A) , or micrographs of the surfaces of structures such as seeds or pollen (Fig. 3D ). Simpson and Barnes (2008) discussed the compilation of a composite illustration of photographic images and suggested that this could be used more readily than it has been in the past. However, the method required to compose a composite illustration of photographic images requires as much time and expertise as the compilation of a composite illustration composed of hand-drawn and painted botanical illustrations.
Challenge of colour
Any discussion of the role of botanical illustration and photography in plant systematics must consider colour and the capacity of each image type to accurately portray traits and characters. Colour illustrations of plants are icons of naturalhistory illustration (Nickelsen 2006) . Botanical illustrations have always been expensive to produce (Flannery 2013) . Contemporary botanical illustrations are most often made in black and white with pen and ink. Half-tone drawings are used to give more indication of mass, but colour is rarely used, because of the economics of time and the cost of production, as well as the challenge of being able to reproduce those colours accurately before the specimen deteriorates.
Carl Linnaeus (1707 Linnaeus ( -1778 wrote in Philosophia Botanica, his 1751 theoretical treatise on the taxonomy of plants that 'colour is remarkably changeable, and so is of no value in definitions' (Nickelsen 2006, p. 3). Linnaeus explicitly excluded colours from the qualities that he considered eligible for characterising species, not just because the colours of plants may vary depending on the plant location, but also because it was impossible to guarantee consistent definition of colour, not even in illustrations.
At least three strategies to record the colour of plant specimens being illustrated in the 18th century seem to have been employed, including (1) describing the colours in technical terms, i.e. words, (2) colouring small portions of the sketches of various parts, i.e. reference sketches and (3) describing colour in abbreviated code, such as numbers and sometimes letters that refer to a colour chart (Lack and Ibáñez 1997).
The use of a code was practiced as far back as Albrecht Dürer's day (Koreny 1989) . The most proficient proponents of a colour chart were the Bauer brothers. They started using a colour chart under the tutelage of Dr Norbert Boccius (1729-1806) and Nikolaus Joseph von Jacquin (1727-1817). It was unclear whether the brothers used a standard technique employed by illustrators in Vienna at the time or whether they invented their own (Lack and Ibáñez 1997) . Their initial colour chart consisted of 140 numbered colours. This colour chart is preserved today in the Real Jardin Botanico in Madrid. Ferdinand Bauer went on to develop a colour chart of 250 shades used for drawings in John Sibthorp's (1758-1796) Flora Graeca (Sibthorp and Smith 1806 , 1813 , 1819 , 1823 , 1825 , 1828 , 1830 Sibthorp and Lindley 1833 , 1837 , 1840 . Then, for his Pacific work, Bauer devised a system of almost a thousand shades of colour, with associated letters and cryptic abbreviated German and English words to designate texture and shininess (Mabberley et al. 2007) .
Most botanical illustrations from the mid-eighteenth century to early nineteenth century were published as hand-coloured engravings. This confronted botanists, and their employees, with considerable practical and methodological challenges. Employing enough colourists, with experience and skill, added considerably to the cost of production and required supervision to maintain consistency. Ready-made colours were impossible to find, so the colours had to be hand-mixed from toxic pigments, which required careful guidance or years of experience, and there was a lack of standardisation in colour recipes, colour names and in the way they were used and referred to. There were examples of published colour recipes, but they often lacked detail, so probably most workshops found their own solutions to these technical problems, leading to different names being used for the same pigments and colour mixes (Nickelsen 2006) .
Contemporary coloured botanical illustrations are rendered in either oil paints or watercolour paints, and, more rarely, coloured pencil. Both paint media have pigment suspended in a binding medium. For oil paints, the binder is usually linseed oil. For watercolour paints, the binder is usually gum arabic. Oil paints are usually thicker and contain more pigment than do watercolour paints; however, this depends on the quality of paints in question. The techniques and properties of these two forms of painting are quite different. When painting in oils, the darkest layer is applied first, then lighter layers, through to the lightest layer. When painting in watercolours, the lightest layer is applied first, then darker layers, through to the darkest layer. Oil paints require longer to dry than do watercolour paints. The oil paintings have a glossy finish compared with the matte finish of watercolour paintings. Oil paintings age well and have less discolouration over time. Watercolour paintings will fade and discolour over time if not stored well.
The advent of colour photography provided a quick means of recording plant colour. However, producing a true record of colour even with photography was challenging. The resulting colour image generated by the camera was device-dependent because of the spectral sensitivity of the sensors differing among digital cameras (Hong et al. 2001) . Also, there was a discrepancy between recorded colour images and direct observation (Jobson et al. 1997) . Human perception excels at constructing a visual representation in vivid colour across a wide range of photometric levels. The recorded images of film and electronic cameras suffer from a loss of clarity and colour as light levels drop within shadows. Although the recorded images are not always true to colour, the ability of the digital camera to obtain objective colour measurements among specimens makes the digital camera a powerful tool in addressing systematic problems of colour variation (McKay 2013) .
Important tools in the horticultural industry are colour charts, such as that produced by the Royal Horticultural Society (RHS; Grayer 2009) and the Munsell Book of Colour (MBC; Griesbach and Austin 2005), but it was not just gardeners who value the charts. When consulting herbarium specimens, colour is invariably lost, and language was not sufficient to definitively describe and identify colour. Colour charts can play an important role in the descriptive label that accompanies the dried pressed specimen (Grayer 2009 ).
Colours of plants, particularly flower colour and pattern, are important in reproductive biology especially as an isolating mechanism in pollination (Weiss 1995). A plant needs to invest energy into its colour as much as into other traits. If other traits are important in distinguishing species, then colour should not be negated as readily as Linnaeus sought to do. Blunt and Stearn (1994) suggested that in the 20th century, the photographer had largely usurped the place of the botanical artist. To ascertain whether botanical illustrations are still relevant in publications, a selection of journals, floras and monographs was examined to identify the trends in their use of both botanical illustrations and photographs.
Botanical illustrations or photographs? Comparative use in six contemporary journals
Botanical journals
We undertook an analysis by reviewing the use of botanical illustrations and photographs in the following six peer Some of these institutions employed in-house illustrators who may be employed on a full-time or part-time salary, or on a contractual basis. The services of these illustrators were often available only to the staff botanists, not to all contributors to the institutional journals, and staff botanists were not obliged to publish their papers in the in-house journal of their institution. The in-house illustrators may have their primary focus on other projects, such as floras or particular revisions, and not necessarily be directly associated with production of illustrations for journal articles. They may work particularly closely with some staff in the institution and not others as an artefact of history, personalities or funding arrangements.
The Western Australia Herbarium has not employed inhouse illustrators. Instead, Nuytsia relied on freelance artists including Margaret Menadue, Margaret Pieroni, Lorraine Cobb and one of the authors of the present paper, Ellen Hickman. The Adelaide Botanic Gardens appointed Ludwik Dutkiewicz as botanical illustrator to its permanent staff in 1953. He was succeeded briefly by Beth Chandler in 1981, and then, in 1983, by Gilbert Dashorst, who left in 2012 (Hewson 1999) . Anita Barley (nee Podwyszynski) was appointed as staff illustrator of the National Herbarium of Victoria in 1977, and remained on staff until 1992 (Twigg 1996) . She was succeeded by Mali Moir (1992 ), Su Pearson (1993 and Enid Mayfield (1995 Mayfield ( -1998 (Hewson 1999) . They were succeeded by David Mackay (1979 , intermittently) and Nicola Oram (1989 , who were employed full-time concurrently, to cover the work involved in illustrating the Flora of New South Wales. Bob Roden was also employed for 4 years during the 1980s and Marion Westmacott for~8 years during the 1990s (D. Mackay, pers. comm., 15 May 2017). The National Herbarium of New South Wales now has one full-time illustrator position, which is job shared by Lesley Elkan (1995-present) Rankin (1980 Rankin ( -1985 , and then William Smith (1985-present) , who is still currently employed as a staff illustrator (W. Smith, pers. comm., 16 May 2017) . So, effectively botanical staff in these institutions and, therefore, the institutional journals, namely Journal of the Adelaide Botanic Gardens, Telopea, Muelleria and Austrobaileya, have had continuous access to in-house illustrators currently or until recently.
The American Society of Plant Taxonomists was formed in 1935 'to foster, encourage and promote education and research in the field of plant taxonomy' (American Society of Plant Taxonomists 2013) and is based at the University of Wyoming. The instructions to authors, for Systematic Botany, state that 'papers need to include an illustration clearly showing diagnostic characters, but a line drawing is not required.' Illustrators for Systematic Botany papers are employed on a commission basis by the authors of the papers, or their institutions, and are not employed by the American Society of Plant Taxonomists (see https://aspt.net/sysbot/#.WROl4lOGORs). Systematic Botany publishes mainly on broad taxonomic themes, and will publish new taxa within this context. Systematic Botany was chosen as a journal for our analysis because it publishes papers on South American taxa.
Only papers that described new species, or were revisions of particular taxa, were included in the analysis. The taxa described included vascular plants as well as fungi, lichens, mosses and algae. Papers were scored on the presence or absence of each image type, namely illustrations (including simple diagrammatic line drawings to full composite plates of plant habit and vegetative and floral traits), photographs (including SEM images, black and white and colour photography) or no visual depiction of species characteristics. The portion of papers with each image type was determined for each year of publication (Fig. 4) . The year of publication was included in the analysis if at least eight papers in a particular year were describing new species or were revisions of particular taxa. At least eight papers per year were used as the cut-off to allow a balance between maintaining a sufficient number of years per journal versus a low number of papers published in any one year having a large influence on the results. We investigated temporal trends in the use of illustrations and photographs in papers with linear regression for three time periods (all years, years pre-2000 and years 2000 and after; Table 1 ). We chose to investigate trends before and after 2000, assuming that this marks a point in time when digital photography became more accessible to botanists. We accepted trends as statistically significant when P < 0.05 (Table 1, Fig. 5 ). All analyses were performed using StatPlus ver. 6 (AnalystSoft Inc., see http://www.analystsoft. com/en/, accessed 2 October 2016).
For Nuytsia, there was a significant decline in the use of illustrations for the periods 1970-2016 and 2000-2016 (Fig. 5A , Table 1 ). Nuytsia papers showed a significant decline in the use of photographs before 2000 and a significant increase in the use of photographs after 2000 (Fig. 5B, Table 1 ).
The Journal of the Adelaide Botanic Gardens showed a significant increase in the use of illustrations in papers for the period 2000-2016, but not for the other two periods (Fig. 5C , Table 1 ). There was also a significant increase in the use of photographs in papers for the periods 1976-2016 and 2000-2016, but not for years before 2000 (Fig. 5D, Table 1 ).
Muelleria displayed a significant decline in the use of illustrations in papers for the period 1983-2016 and a significant increase in the use of photographs for the same period (Fig. 5E, F, Table 1 ), whereas there were no significant trends in the use of either medium before or after 2000. Despite this journal being in publication since 1955, there were insufficient papers for the years of publication from 1955 to 1982, to use these years in the analysis. Hence, the resulting graph starts in the 1980s.
Telopea had a significant increase in the use of illustrations in papers for the period 1975-1999 and a significant decrease for the period 2000-2017 (Fig. 5G, Table 1 ). For the period after 2000 and for the whole period 1975-2017, there was a significant increase in the use of photographs (Fig. 5H , Table 1 ).
Austrobaileya, in contrast, showed no trend in the use of illustrations in papers for the overall period or for the periods before or after 2000. The only trend observed was a significant increase in the use of photographs in papers after 2000 (Fig. 5I, J, Table 1 ).
There was a significant increase in the use of illustrations in Systematic Botany, in papers for the overall period but not for the periods before or after 2000. There was also a significant increase in the use of photographs in papers for the overall period, and before and after 2000 (Fig. 5K, L , Table 1 ).
To summarise, if photographs were replacing botanical illustrations as the preferred visual tool then we would expect the proportion of photographs to increase and the proportion of botanical illustrations to decrease over time, to a point where there are no botanical illustrations used in these publications. Our analysis showed that in five of the six journals, the use of photography in papers from 2000 onward has increased strongly, and for four journals this trend has been occurring since each journal was established. In contrast, in three of the six journals, the use of illustrations has declined strongly, and in two journals it has increased slightly or stayed much the same. In one journal, there was an increase in the use of illustrations after 2000, but there was no trend when all years were considered. Interestingly, there is a significant decline in the use of photographs in Nuytsia papers from when it was first published in 1970-2000. In some journals, botanical illustrations are being superseded by photographs, but botanical illustrations have not disappeared altogether. The cause of these trends is unknown; however, they are likely to be due to several factors, including sourcing funding for production of botanical illustrations, editorial preference for the use of illustrations or photographs, author preference for either illustrations or photographs, and moving to online publication, with no charges for colour.
Botanical monographs and floras
Botanical monographs and floras are usually published in book format, allowing the compilers more space than does the journal format, for illustrations, as either drawings or photographs.
We reviewed the use of botanical illustrations and photographs in 165 readily accessible monographs and floras on southern hemisphere regions and plant families. Only publications produced since 1950 were used. The aim was to review sufficient examples to establish quantitative trends, not to be comprehensive. Publications were scored on the presence or absence of each image type, including illustrations (including simple diagrammatic line drawings to full composite plates of plant habit and vegetative and floral traits), photographs (including SEM images, black and white and colour photography) or no visual depiction of species characteristics (Table 2) . This approach has limitations, such as that a particular monograph could have many illustrations and just a single photo (or vice versa) and both would be equally weighted here. The trends discovered should, therefore, be regarded as indicative rather than definitive. The portion of publications with each image type was determined for each decade of publication for each of three continents, namely Australia, South Africa and South America (Fig. 6A-C) .
We investigated temporal trends in the use of illustrations and photographs in Australian and South African monographs and floras using linear regression. For the South African analysis, the decade 2000s was omitted, because it contained only a single publication. The South American monograph and flora data had only a single publication cited for the 1950s and no publications cited for the decades 1960s, 1970s and 1980s, so there were insufficient data to undertake a trend analysis. This lack of publications may be due to the South American flora only recently receiving significant attention, especially compared with the Australian and South African floras, as discussed above in the historical use of botanical illustration. With the caveat of sampling bias discussed above, we accepted trends as statistically significant when P < 0.05 (Table 3 , Fig. 6D-F) . All analyses were performed using StatPlus, ver. 6 (AnalystSoft Inc.).
The use of illustrations in Australian and South African monographs did not change significantly for the decades between 1950 and 2010, but there were accompanying significant increases in the use of photography (Fig. 6D , E, Table 3 ).
In these monographs and floras, photographs have usually been used to show plants in their environment, or micrographs have been used to show structures such as seeds, seed coats, pollen and pollen surfaces (Fig. 3) . The botanical illustrations provide details of the plant habit, structures and traits of flowers and fruits, often with the background being removed for more clarity (Figs 1, 2) . Botanical illustrations also have the ability to include details from several different specimens combined, so as to show all relevant information in one image. This might not be possible in a photograph because any single specimen may not have all details visible or may have damaged structures. The results from the present review suggest that 
Roles of botanical artists in scientific discovery: who discovered what?
Our review showed that despite an increase in the use of photography, botanical illustration continues to play an 
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Proportion of papers with illsutrations (%) 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 1970 1975 1980 1985 1990 1995 important role in southern hemisphere plant systematics. If the photograph has not replaced the botanical illustration as was hypothesised, then is it the skill of the practitioner that is of more importance than the type of image utilised? There is a long history of scientists and botanical illustrators working together (Flannery 2013) , but the precise role artists have played in scientific discovery is not always clear. When the botanist and artist are one and the same person, the question of who discovered what is irrelevant, but when the botanist and artist are different individuals, then the following question arises: did the scientist make a new discovery and direct the artist to illustrate it, or did the artist illustrate a new discovery that was noticed by the scientist or was pointed out by the artist to the scientist?
Discovery through illustration when a botanist was also an artist
There have been several botanists who were also botanical artists, both historically and at present day. Historically, before Botanical illustration and photography Australian Systematic Botany Sherwood et al. 2005) . In some cases, the workload of being both scientist and (Erickson 1951) , Triggerplants (Erickson 1958) and Plants of Prey (Erickson 1958) , and Allen Lowrie's (1948-present) Carnivorous Plants of Australia in three volumes (Lowrie 1987 , Lowrie and Robinson 2013 , with a fourth being currently in the making. Probably two of the best-known botanical illustrators who were not honoured with the title botanist, were the Bauer brothers. Both collected and illustrated their botanical discoveries in Illustrations of Orchidaceous Plants (Bauer and Lindley 1838) by Francis Bauer and Illustrationes Florae Novae Hollandiae (Bauer 1813 ) by Ferdinand Bauer. Table 4 lists these along with a selection of other botanists who were also botanical illustrators, with their areas of study and the publications in which they demonstrated their scientific and illustrated discoveries.
Discovery through illustration when botanist and artist were separate individuals
We could assume that when a taxonomist names a plant in the honour of an artist that this is recognition of the latter's contribution. Artists, through their interest in the subject and eye for detail, were able to recognise new species and illustrate their distinguishing traits. Ferdinand von Mueller (1825 -1896 , first Government Botanist of Victoria, Australia, often named plants in honour of 'his illustrating and collecting ladies' (Olsen 2013) ; that is the women who both collected specimens and provided the illustrations to support his scientific work. He named a Tasmanian cushion daisy, Antennaria meredithae (now Ewartia meredithae (F.Muell.) Beauverd), for Louisa Anne Meredith (1812-1895), and wrote: I avail myself of this opportunity of attaching to this everlasting the name of a lady, who by her artistic skill, her fondness for flowers, and her literary accomplishments, has much contributed to raise a taste for the local study of the lovely Tasmanian vegetation [Olsen 2013, p. 5] .
Joseph Henry Maiden, Government Botanist and Director of the Royal Botanic Garden, Sydney, considered Margaret Flockton 'the most accomplished botanical artist in New South Wales' (Wilson 2016, p. 171) . In recognition of her contributions to botanical art, and referring to her as the joint author of his works, Maiden named several species for her, including Eucalyptus flocktoniae Maiden, Acacia flocktoniae Maiden and Olearia flocktoniae Maiden & Betche (Wilson 2016) .
The monospecific orchid genus Ericksonella Hopper & A.P.Br. was named for Dr Rica Erickson, author, historian, wildflower artist and botanist, who wrote Orchids of the West (Erickson 1951) , and continued to paint orchids and write about them into her 90s (Hopper and Brown 2004) . Cyanicula nikulinskyae Hopper & A.P.Br. was 'named for Philippa Nikulinsky, an internationally renowned wildflower artist, whose fine contribution in celebrating the Western Australian flora have heightened appreciation and conservation of this rich natural heritage' (Hopper and Brown 2000, p. 124) . Caladenia dundasiae Hopper & A.P.Br. was named 'after Patricia Dundas, botanical artist and keen orchid enthusiast, who first drew the species to our attention.' (Hopper and Brown 2001, p. 219) .
There are publications where the botanical illustrator is listed as an author. From this, we can infer a clear acknowledgement of the botanical illustrator's contribution to the content of the publication. However, it is unclear whether or not the acknowledgement encompasses scientific discoveries through their artwork. Examples of this include Fungi of Southern Australia (Bougher and Syme, 1998) , Verticordia: the Turner of Hearts (George and Pieroni 2002) , Orchids of Western Australia (Brown et al. 2008) and Haemodoraceae in the Flora of Australia, Vol. 45: Hydatellaceae to Liliaceae . Recent changes by some scientific journals, to clarify the role and contributions of co-authors, may in the future allow better understanding of who made these discoveries.
There are also publications where the botanical illustrator is the lead author or sole author. This is even more demonstrative of the artist's contribution, but, again, it is unclear whether this encompasses scientific discoveries, or is just the documentation of knowledge acquired by others. Examples of such publications are Banksias (Rosser and George 1981 , Plants of the Adelaide Plains and Hills (Dashorst and Jessop 1990) and The genus Zantedeschia (Letty 1973). It is worth expanding briefly on the relative roles of the artists and botanists in these publications. Celia Rosser (1930-present) , Monash University Botanical Artist, began the project of painting every Banksia L.f. species, as the genus was then understood by Alex George and before the incorporation of Dryandra R.Br. (Mast and Thiele 2007) . The project took over 25 years to complete, and resulted in the publication of a three-volume monograph entitled The Banksias (Rosser and George 1981 , with accompanying text by Alex George (Blunt and Stearn 1994 ; Celia Rosser Gallery, The Banksias, see http://www.celiarossergallery.com. au/celia-rosser-the-banksia-s.html, accesed 16 June 2015). Celia Rosser was the lead author of these volumes because the main purpose of the work was to publish the paintings.
Gilbert Dashorst (1956-present) , an illustrator at the Adelaide Herbarium, led the publication of Plants of the Adelaide Plains and Hills (Dashorst and Jessop 1990) . It contains colour illustrations by Dashorst of~1200 species from a range of plant groups, including marine algae, mushrooms, ferns, herbs, sedges and grasses, flowering shrubs and trees. The book has an emphasis on illustrations, with a minimum of technical text by John Jessop (1939-present) .
Cythna Letty, one of the most prolific artists of The Flowering Plants of Africa, took up the position of botanical artist for the National Herbarium of South Africa in 1927 (Arnold 2001) . She taught herself how to use the binocular microscope, to prepare dissections of flowers, and to identify the plant specimens she was illustrating. In this way, she acquired sufficient botanical knowledge to study a plant group of her own choice, which culminated in the illustrated revision of the genus Zantedeschia Spreng. published in the journal Bothalia (Letty 1973).
In most cases, when the botanist and artist are separate individuals, the botanist instructs the artist in regard to which character traits should be drawn. However, there are examples, documented in the literature, where an artist has observed a character trait before the botanist, or one that the botanist has missed.
An example of an illustrator as an observer and recorder of traits was Franz Bauer, who was highly gifted at using the microscope to record, by illustrations, his observations. In 1802, 120 years after the discovery of the nucleus in animal cells, Bauer did a pencil drawing of the stigma and stigmatic surface of the orchid Phaius tankervilleae (L'Her.) Blume, where he observed what were later called 'granular, more opaque greenish yellow specks' (Lack 2016, p. 378), now known to be the nuclei of plant cells. Bauer was obviously unaware of the significance of his discovery. Although this illustration, redrawn by John Lindley (1799-1865), was published in Illustrations of Orchidaceous Plants in 1830 (Bauer and Lindley 1838), it was not until Robert Brown's (1773-1858) 1831 paper 'Observations on the organs and mode of fecundation in Orchideae and Asclepiadeae' was read at a meeting of the Linnean Society that the 'specks' were termed by Brown as 'nuclei' (Brown 1831). Brown's paper refers to Bauer's drawing, but does not publish it or acknowledge the discovery. Brown's name is now inseparably connected to the term nucleus, not Bauer's name. This is perfectly acceptable under scientific ethics of 'publish or perish' as it is text that counts, but it may seem a little unfair to the non-scientist (Lack 2016).
In contrast to the above example, the publication of the discovery of a new species from the remote Kimberley region of Western Australia acknowledges the discovery of a unique character trait by the illustrator. During the preparation of the illustrations of Grevillea donaldiana Kenneally, Margaret Menadue (1942-present) noticed that the flowers had three tepals, instead of the usual four (Kenneally 1988); Kenneally recorded Menadue's discovery in the paper describing the new species:
It was during the preparation of the drawings she [Menadue] noted that the flowers were all trimerous [Kenneally 1988, p. 111] . The specific epithet honours Donald J. Gillivray for his contribution to Australian botany and particularly his study of Grevillea [Kenneally 1988, p. 117] .
Specimens of the new
Botanical art: a modern role
Given the contemporary focus on molecular phylogenetics in plant systematics, will the important roles of botanical art continue? We argue the affirmative case for complementarity of these disciplines here. Dictionaries of western European art do not make reference to botanical art or botanical artists, not even some of the greatest, such as Pierre Joseph Redouté (1759-1840; Arnold 2001). The omission is attributed, in part, to botanical art being a hybrid genre of botany as science (function) and botany as visual art (aesthetics). Until the late 1500s, a major function of botanical art was to provide aids for identification of medicinal plants. In the 1600s, an aesthetic revolution saw the flower come into its own, directly as a result of the evolution of the flower garden, to flaunt wealth, display rare plants and the subsequent production of illustrated florilegia to record collections. Such florilegia were early forms of scientific botanical illustration. In contrast to the family portraits of the time that were displayed as an essential part of interior decoration, the portraits of plants in florilegia had limited access, because they were archived in museums and private collections. So, botanical art became confined to the world of science and 'under-researched by art historians, undervalued by art theorists and critics, undercollected by art institutions, and seldom exhibited in art galleries' (Arnold 2001, p. 148) .
Today, botanical illustration still sits between the fundamental disciplines of art and science, because science neglects to claim it and art tends to scorn it. Awareness of botanical illustration has been led, in part, by collectors such as Dr Shirley Sherwood (1933-present) and the Hunt Institute, who both collect and exhibit globally. Sherwood, in her book A Passion for Plants (Sherwood 2001) , comments that despite the popular appeal of botanical illustrations, there have always been those who dismiss such artwork as 'mere illustration'. She goes on to comment that some botanists held the artists in 'low regard', confining them to the back of the herbarium and rarely naming them on papers containing their illustrations. However, in the 21st century, Sherwood noted that there are more galleries showing botanical art, more institutions encouraging artists by buying their work, more classes and more collectors, and it is considered the 'new golden age' of botanical art (Sherwood et al. 2005) .
Our review has shown that botanical illustration and botanical artists have made an important contribution to botanical science, by helping define taxa, raising awareness of these taxa, reaching a broader audience than just the scientific community, to captivate the viewers' imagination and even alter the viewers' values; however, it has not been specifically determined whether the practice of illustration makes new discoveries.
To examine more critically the contribution of 'discovery through illustration' made by artists it would also be instructive to compare insights found through botanical illustration with knowledge gained through modern scientific techniques, such as molecular genetic analysis. The process of drawing used by botanical illustrators increases the powers of observation and may lead to the discovery of new and possibly neglected traits overlooked by traditional taxonomic techniques. The increased number of characters available to molecular analysis allows for better resolution of taxon delineation, and the hereditability of DNA leads to a better understanding of taxon relationships. Combining the two processes by overlaying traits, identified through the process of illustration, onto well resolved molecular phylogenetic trees, produced by molecular analysis, could identify the morphological traits that the related species have in common, and provide insight into how these traits have evolved through time and as a result of changes in environmental conditions. This is particularly important to conservation biology, where rare and common species may look similar in their 'old' identifying traits. Often these cases are referred to as cryptic species. However, these species may be dissimilar in important but neglected or undetected traits. Better definition of taxa, by keen observations and identification of patterns of morphological change over time, especially in light of climate change, allows for more informed planning of global biodiversity-conservation priorities.
Future research could use a plant family that has a well resolved phylogeny (Hopper et al. 2009 ) and a body of illustrations, such as Haemodoraceae, to explore and hopefully document this concept. The Haemodoraceae is the subject of ongoing study in this respect by the authors.
Conclusions
The present review of botanical illustration and photography has looked at historical context and the contemporary challenges, so as to determine what the role of botanical illustration is in science today, and particularly whether the botanical artist finds new insights for science through the practice of illustration. Cited literature suggested that some botanical artists through history have played an important role in the discovery and description of plant diversity. The artists' contributions are not always explicitly described, but are inferred by artistic participation, and in the publication of artwork. Artists have been essential members of voyages of botanical exploration, where they have accurately recorded morphological character traits critical for recognising and identifying species. Their artwork has been published widely. The contribution of artists varies. Some have been both scientists and artists, whereas others have been solely artists working collaboratively with scientists. The nature of this relationship affects the degree of recognition the artists receive. It is possible that where the contribution of an artist has been insightful, they may have been recognised by the scientists naming species in their honour.
This review has shown that, in many instances, photographs are increasingly being used in preference to illustrations in the scientific literature. The reasons for this are not clear, but they could be a combination of cost, editorial preference, author preference or the relative advantages of one image type over another in depicting particular traits, or modern costs for publishing colour work. Despite the expanded role of photographs, they have not usurped the place of botanical illustrations in the scientific literature, instead the two image types are often used in combination, playing complementary roles. The camera has also become an important tool in the contemporary botanical artist's kit. Whether botanical illustration has a purpose, other than depiction of particular plant traits, such as the increased powers of observation gained through the process of illustration, and whether this leads to new discoveries regarding plant traits, has not been resolved and requires further research.
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